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ABSTRACT
Atmospheric entry heating simulations indicate that a large fraction of
the micr_teorite8 larger than 100 _ in diameter which survive atmospheric
entry mast have entered the Earth's atmosphere with velocities very near the
Earth escape velocity. Thus, these particles mast have been captured by Earth
from heliocentric orbits with small eccentricities and low inclinations,
indicating a main-belt asteroidal source. Space exposure ages measured on
these large micrcmeteorlte8 are also consistent with a main-belt asteroldal
source. However, dynamical calculations have previously indicated that
particles larger than I00 _nn in diameter were likely to be destroyed by
catastrophic collisions in the time required for orbital evolution from the
maln-belt to Earth capture by Poynting-Robertson drag. The absence of a large
amount of colllsional debris in the <50 _n 81ze range indicates these large
micrometeorltes are not the few, rare survivors of a mostly collislonally
disrupted population. The measured space exposure ages, which are about an
order of magnitude larger than their calculated catastrophic collision
lifetimes, confirm the survival of these large mlcr_teorites for times much
longer than the calculated catastrophic collision lifetimes. Since collisions
with cometary dust <20 _n in 81ze were expected to be the major contributor to
the colllelonal destruction of these larger particles the contribution of
cometary material to the zodiacal cloud 18 likely to be much smaller than
previously believed.
INTRODUCTION
The atmospheric entry survival of mlcrometeorites smaller than about 50 pm
in diameter (-10 -7 grams) was suggested by Opik (1937), and confirmed
experimentally by the recovery of unmelted micrometeorites from the Earth's
stratosphere by balloons and aircraft during the 1970"s (Brownlee, 1985).
Most micrometeorites larger than -100 _m in diameter were expected to be
vaporized on atmospheric entry (Whipple, 1950; Fraundor_, 1980), and the radar
detection of meteor trails from objects as small as 10 -u grams (Hughes, 1978)
provides experimental confirmation of this predication. The recovery of large
quantities of micrometeoritic material from 100 _m to larger than 1000 _m in
diameter, both melted and apparently unmelted, from the ocean floor (Brownlee,
1985), lakes in Greenland (Maurette et al., 1988), and the Antarctic ice
(Maurette et al., 1991) has resulted in a reexamination of the atmospheric
entry heating of large micrometeorite8.
PROPERTIES OF LARGE MI_RITES
The extraterrestrial origin of the large (>100 _m in diameter)
micrometeorltes is established by the presence of sp_logenic Ne (Olinger et
al., 1990), and the cosmogenic radionuclei _UBe and L°A1 (Raisbeck and Yiou,
1987; Raisbeck and Yiou, 1989; Nishiizumi et al., 1991) in both large
spherules, assumed to have been melted on atmospheric entry, and large,
irregularly shaped particles which appear to be unmelted.
The irregularly shaped, apparently unmelted, particles should best
preserve information on the original composition of the large micrometeorite8.
These particles have major element abundances generally consistent with the CI
and/or CM chondritic meteorites, though Ni and S are both significantly
depleted from their chondritic values (Maurette etal., 1991). Three of four
irregulary shaped micrometeorltes from Greenland a18o have minor trace element
abundances, including the volatile elements Cu, Zn, Ga, and Ge, consistent
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with the range of chondritic meteorites (Flynn et al., 1991). Sutton et al.
(1988) suggest that the compositions of 3 of 9 melted spheres they analyzed
were more consistent with ordinary chondrite rather than carbonaceous
chondrite material. The major minerals are generally olivine and pyroxene,
consistent with the chondritic meteorites (Maurette et al., 1991).
ATMOSPHERIC ENTRY HEATING
The heating experienced by micrometeorites on atmospheric entry can be
calculated using the model developed by Whipple (1950). Computer simulations
of the Whipple entry heating model, which calculate the temperature profile
during atmospheric deceleration for micrometeorites with a range of initial
velocities, densities, diameters, and impact parameters, have been developed
(Flynn, 1989b; Love and Brownlee, 1991). Entry heating simulations for large
micrometeorites indicate that particles larger than i00 _m in diameter must
have geocentric velocities <5 km/sec for any significant fractignof_them to
survive entry (Flynn 1990; Love and Brownlee, 1991). The results for particles
60 _m and 200 pm in diameter are shown in Figure 1 for particles having :
geocentric velocities, prior to Earth gravitational infall acceleration, of 1,
5, 10, and 20 km/sec. Taking 1600K as the melting temperature, Figure 1 shows
that a large fraction of incident 60 _m diameter partlcles with vel0citieB up
to 10 km/sec survive entry unmelted. However, for 200 _m diameter particles
only those with large impact parameters survive entry even with a5 km/se_ ....i
geocentric velocity. :_
IMPLICATIONS FOR SOURCES
Geocentric velocities less than 5km/sec are characteristic of particles
arriving at Earth in heliocentric orbits of low eccentricity and inclination.
Flynn (1989a) has shown that for small particles evolving under the influence
of solar gravity and Poynting-Robertson drag, such low geocentric velocities
are possible for particles derived from maln-belt asteroidal parent bodies,
but are inconsistent with the geocentric velocities calculated for even the
most favorable presently active comet (Comet Kopff). Comet Schwassmann-
Wachmann 1, which is in a nearly circular orbit of low eccentricity, would _
contribute dust with orbital parameters similar to the main-belt asteroids,
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Figure 1: Maxlmumtemperature (K} reached on atmospheric entry versus impact
parameter (x 105 meters} for particles of 60 pm diameter (left} and 200 pm
diameter (right}, ..... _ _:_
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but Schwassmann-Wachmann 1 has a low dust emission rate (Jewitt, 1990).
Orbital evolution simulations including the effect of planetary gravitational
perturbations confirm that very few cometary particles arrive at Earth
with geocentric velocities lower than 5 km/sec (Gustafson et al., 1987), while
a large fraction of the main-belt asteroidal particles do arrive at Earth with
such low velocities. Thus, most large (_ 200 pm) micrometeorites which
survive Earth atmospheric entry unmelted are likely to be derived from main
belt asteroidal parent bodies (Flynn 1990; Love and Brownlee, 1991).
The exposure ages inferred from radiogenic nuclei (Raisbeck and Yiou,
1989; Nishiizumi et al., 1991) and spallogenic 21Ne (Olinger et al., 1990) are
in the 105 to 2x107 year range, consistent with the Poynting-Robertson orbital
evolution times from the main-belt to Earth for particles in this size range.
In addition, the radiogenic nuclei confirm that the large micrometeorites were
irradiated in space in roughly the sizes we see them now, indicating they are
not debris from much larger meteors which fragmented either just before or
during Earth atmospheric entry (Raisbeck and Yiou, 1989; Nishilzumi et al.,
1991). Nishiizumi et al. (1991) have further inferred that the exposure must
have been in the inner solar system, eliminating particles in the highly
elliptical orbits charactaristic of cometary material.
The chemical compositions of the large micrometeorites are consistent with
an asteroidal source for this material (Maurette et al., 1988). The isotopic
composition of carbon in melted micrometeorites from Greenland and Antarctia
is also consistent with the macromolecular material in CI and CM carbonaceous
meteorites, suggesting these are asteroidal particles (Yates et al., 1991).
The evidence indicates most large micrometeorites, which survive atmospheric
entry melted or unmelted, are from main-belt asteroidal parent bodies.
COLLISIONAL LIFETIMES OF MAIN-BELT ASTEROIDAL DUST
The contribution of main-belt asteroids to the flux of large (_200 pm)
particles at Earth has previously been assumed to be very small (Flynn 1989a;
Zook and McKay, 1986) because the calculated catastrophic collision lifetimes
(-104 to 105 years for a 100 pm diameter particle) were substantially shorter
than the times required for Poynting'Robertso 9 orbital evolution from the
main-belt to an Earth intersecting orbit (>10b years for a 100 pm diameter
particle) as shown in Figure 2.
The longest catastrophic collision lifetime estimates for 100 pm to 10,000
pm diameter particles are an order-of-magnitude less than the Poynting-
Robertson lifetimes (see Figure 2), indicating that most of the main-belt dust
in this size range should be destroyed by collisions long before reaching
Earth. Since more
than ten collisional
lifetimes would have
elapsed during the
orbital evolution, the
particle flux would be
reduced by _ least a
factor of 2 xu = -i000.
The debris resulting
from these collisions
would then be
collectable at Earth,
since, for particles
smaller than I00 _m in
diameter the Poynting-
Robertson lifetimes
are smaller than the
collisional lifetimes
(Dohnanyi, 1978).
This assumes the
debris orbits do not
differ dramatically
from the orbit of the
original particle, so
the near-Earth
gravitational
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Figure 2: Poynting-Robertson and catastrophic
collision lifetimes for particles from 100 _mto
10,000 _m in diameter.
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enhancement factor is
similar for both _ io'_
debris and survivors.
The large momentum of __ l_-
the micrometeorite,
which has about i000
times the mass of the _l_-
disrupting particle, ×
should assure this _1_-
condition is met. The
required debris is not _ i0+-
seen.
Particles in the
100 to 1000 _m size
range are at the peak
of the mass-frequency
distribution (Hughes,
1978) as shown in
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Figure 3" Meteoritic mass influx per mass decade
at Earth (adapted from Kyte and Waseon, 1986).
Figure 3. Yiou et al. - ........
(1989) estimate the global input of cosmic spherules in polar ice cores to be
-1500 tons/year, while Maurette et al. (1991) infer an even higher accretion
rate. This indicates that a minimum of 10% of the mass influx of i00 pm to
i000 Hm particles survives entry while the remainder forms+m@teors. Sines
less than I/i000 of the starting mass in the i00 to I0,000 _m diameter range
would be expected to survive collisional process@s and reach Earth, we would
expect to find I000 x 1,500 tons/year = 1.5 x l0 b tons/year of debris in the
form of particles <50 _m in size. The t_tal mass accretion rate at Earth for
particles <50 _m in diameter is only -I0 ton_ear b_ on + satellite flux
measurements (Hughes, 1978), a factor of I000 less than required by the
calculated collision l_f-e-t+]_ffes_ ......
The absence of large quantities of debris smaller than 50 _m in diameter
confirms that the large micrometeorites are not the few, rare survivors of a
starting population which was mostly disrupted by collisions. .....
The space exposure ages measured by radiogenic nuclei and spallogenic 21Ne
confirm that particles 100 _m and larger have space residence times longer
than 106 years. Raisbeck and Yiou (1989) have+n0ted the measured space
exposure ages substantially exceed the catastrophic collision!ifetimes
calculated by Dohnanyi (1978). Although more recent modeling hasincreased
the calculated catastrophic collision lifetimes, as shown in Figure'3, these
new values still fall an order-of-magnltude or more short of the Poynting-
Robertson evolution times and the measured space exposure durations. Thus,
the calculated catastrophic collision lifetimes for 100 _m to 1000 _m
particles are likely to underestimate the true lifetimes by an order-of
magnitude or more.
THE (_i4BTkRY COI_TRIBUTIONTOTHX ZODIACAL CLOUD
catastrophicDohnanyi's (1978) calculations show that the - collision
lifetimes of these large particles are dominated by collisions with smaller
(<20 _m) cometary particles. For a 100 _m particle orbiting in the main-belt
Dohnanyi (1978) calgulates the collisional lifetimewith small comet_
particles to be -10 _ years _hile the collisional lxfetime with other main-belt
asteroidal particles is -10 years. This results, in part, from the fact that
the collisional velocities between asteroidal particles and cometary particles
are much larger than between two asteroidal particles, so _r, more
abundant, cometary particles are capable of causing a catastrophic colilsion.
Since the cometary flux assumed by Dohnanyi (1978) was that neededfor
steady state resupply of the zodiacal cloud by cometary material, the 9bserved
space exposure times for large micrometeorites require the recent (-10 b years)
flux of cometary material is insufficient to resupply the zodiacal cloud.
Raisbeck and Yiou (1989) have suggested the interplanetary dust complex may
not be in secular equilibrium. Alternatively, the resupply of the zodiacal
cloud may come from a non-cometary source. The discovery of dust bands in the
main-belt (Low et al., 1984), presumably from asteroid-asteroid collisions,
suggests an asteroidal source for at least some of the zodiacal cloud
material. Direct examination of the 5 to 30 _m size dust collected from the
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Earth's stratrosphere suggests a substantial fraction of this dust is dervied
from main-belt asteroidal parent bodies. Space exposure ages inferred from
solar flare track densities (Sandford, 1986) and the distribution of peak
temperatures reached on atmospheric entry, inferred from the presence of
volatile elements, low-temperature minerals, and unannealed solar flare tracks
(Flynn, 1989a; Sandford and Bradley, 1990) all suggest a large fraction of the
cosmic dust recovered from the Earth's stratosphere is from main-belt
asteroidal sources. Mineralogical evidence, in particular aqueous alteration,
also suggests that the flux of asteroidal particles exceeds that of cometary
particles for the cosmic dust recovered from the Earth's stratosphere (Schramm
etal., 1989).
The survival of large micrometeorite8 in the inner solar system for 10 6 to
10 7 years indicates that the recent (-10 to 10 7 year) cometary contribution
to the smaller interplanetary dust particles is insufficient for steady-state
resupply of the zodiacal cloud. If the zodiacal cloud is presently in
equilibrium then main-belt asteroidal material is likely to be the major
contributor to the zodiacal dust.
ACENOWLEDGEMENT: This work was supported by NASA Grant NAG-9-469.
REFERENCES
Hrownlee D. E. {1985) Cosmic Dust Collection and Research, Ann. Rev. Rarth Plan_t. Sc_., _, 147-173.
Dohnanyi J. S. {1978) Particle Dynamics, in _ {ed J. A. M. McDonnell), John Wiley, New York, 527-605.
Flynn G. J. (1989a) Atmospheric Entity Heating: A Criterion to Distinguish between Asteroidal and Cometary
Sources of Interplanetary Dust, Tcarus, 77, 287-310.
Flynn G. J. (1989b) Atmospheric Entry Heating of Micrometeorites, Prc_. T,un_r P1_nAt. Sol. Cnnf. IQth, 673-682.
Flynn G. J. 41990) Atmospheric Entry Survival of Large Micrometeoritee: Clues to their Sources and to the Flux
of Cometary Dust, _, 25, 365.
Flynn G. J., S. R. Sutton, and W. K1ock {1991) Volatile Trace Elements in Large Micrometeorites from Greenland,
(abstract) Meteoritic,, in press.
Fraundorf P. 41980) The Distribution of Temperature Maxima for Micromateorites in the Earth's Atmosphere
without Melting, P-_nhva. Re.. Lett., I0, 765-768.
Grun E., S. A. Zook, H. Fechtig, and R. H. Gieso 41985) Collinlonal Balance Of the Meteoritic Complex, T_aruR,
52, 244-272.
Gustafeon B. A. S., N. Y. Misconi, and E. T. Rusk 41987) Interplanetary Dust Dynamics. II. Poynting-Robertson
Drag and Planetary Perturbations on Interplanetary Dust, _L_ILI, 72, 568-581.
Hughes D. M. (1978) Meteors, in cn,m1_ Dust (ed. J. A. M. McDonnell), John Wiley, New York, 123-185.
Jewltt D. (1990) Continuous Activity in Comet P/Schwassmann-Wachmann i, Ast_roldn. Cc_et,, Meter. TTY (eds.
C.-I. Lagerkvlst, S. Rickman, B. A. Lindhlad, M. Lindgren), Uppsala University, 347-352.
Kyte F. T., and J. T. Wasson 41986) Accretion Rate of Extraterrestrial Matter: Iridium Deposited 33 to 67
Million Years Ago, Sc1_ncA, 2,12,, 1225-1229.
Leinert C., S. Roser, and J. B_trago (1983) Astr_n. Antrnnhv,., _, 345.
Love S. G. and D. E. Brownlee 41991) Beating and Thermal Transformation of Micromateoroids Entering the Earth's
Atmosphere, Tc_r_a, 89, 26-43.
LOW, F. J. etal. (1984) Infrared Cirrus: Hew CoJponents of the Extended InErared Emission, _ 27R,
LIg.
Maurette M., C. _, M. Pourchet, and D. E. Brownlee 41988) The "Blue Lake II" Expedition of July-August
1987 in Greenland, and the Search for nM-size Unmelted Extraterrestrial Particles, _unar Planet. S_J. XTX,
744-745.
Maurette M, C. Ollnger, M. C. Michel-Levy, G. Kurat, M. Pourchet, F. Brandstetter, and M. Bourot-Denise 41991)
A Coil,orlon of Diverse MicrcBeteorites Recovered from 100 Tonnes of Antarctic Blue Ice, _atur_, 351, 44-
47.
Nishiizumi K. et al. (1991) Exposure History of Individual Cosmic Particles, Earth Planet. Sci. Lett., in
press.
Olinger C. T., M. Maurette, R, M. Walker, and C. M. Bohenberg (1990) Neon Measurements of Individual Greenland
Sediment Particles: Proof of an Extraterrestrial Origin end Comparison with EDX end Morphological Analyles,
Rarth PlanAr. ScJ. Left., _, 77-93.
Oplk E. J. (1937) Basis of the Phy.$_al Theo_ of Meteor Phenomena, _L_L-_, 29, 51-66.
Relsbeck G. M., and Yiou F. (1987) _Bs and _AI in M/crometeorites fErn Greenland Ice, Met_orJtl_., 22, 485-
486.
Reisbeck G. M., end Yiou F. (1989) Cosmic Ray Exposure Ages of Cosmic Spherules, Meteoritic,. _, 318.
Sandford S. A. (1986) Solar Flere Track Densities in Interplanetary Dust Particles: The Determination of an
Eateroidal Versus Comatary Source of the Zodiacal Cloud, _C.£_i, 68, 377-394.
Sandford S. A. and J. Bradley (1990) Interplanetary Dust _articles Collected in the Stratosphere: Observations
of Atmospheric Entry Heating and Constraints on Interrelationships and Sources, Icarus, 82, 146-166.
Steel D. I. and W. G. Elford (1986) Collisions in the Solar Systsm -III. Meteoroid Survival Times,
_, _l_, 185-199.
Schramm L. S., Brown1.. D. E., and Wheelock M. M. 41989) Major Element Composition of Stratospheric
Micrometeorites, Meteoritic., _, 99-112.
Sutton S. R., g. Berzog, and R. Bewins 41988) Chemical Fractionation Trends in Deep-Sea Spheres, M.te_rJtJc.,
2_, 304.
Yates P. D., I. P. Wright, and C. T. Pillinger 41991) A Possible Link Between Malted Micrometeoritee from
Greenland end Antarctica with an Asteroidal Origin: Evidence from Carbon Stable Isotopes, (abstract}
_, in press.
Yiou F., G. M. Raisbeck, and C. Jehanno {1989) Influx of Cosmic Spherules to Earth during the Last -105 y_ars
as Deduced from Concentrations in Antarctic Ice Cores, Met_r_tJ_,, 2_, 344.
Whipple F. L. {1950) The theory of mioro-mateorites. Part I: In an Isothermal Atmosphere,
_J. _RA, 3_(12), 687-695.
Zook H. A. and D. S. McKay (1986) On the Asteroidal Co_ponant of Cosmic Bust, Lunar _]an.t. _J. XVTT, 977-978.
T 2_ 22 £2£2
T
| -- . _
